ABSTRACT Fosfomycin is a broad-spectrum agent with activity against Gram-positive and Gram-negative bacteria, including drug-resistant strains, such as extended-spectrumbeta-lactamase (ESBL)-producing and carbapenem-resistant (CR) Gram-negative rods. In the present study, the pharmacokinetic/pharmacodynamic (PK/PD) activity of ZTI-01 (fosfomycin for injection) was evaluated in the neutropenic murine thigh infection model against 5 Escherichia coli, 3 Klebsiella pneumoniae, and 2 Pseudomonas aeruginosa strains, including a subset with ESBL and CR phenotypes. The pharmacokinetics of ZTI-01 were examined in mice after subcutaneous administration of 3.125, 12.5, 50, 200, 400, and 800 mg/kg of body weight. The half-life ranged from 0.51 to 1.1 h, area under the concentration-time curve (AUC 0 -∞ ) ranged from 1.4 to 87 mg · h/liter, and maximum concentrations ranged from 0.6 to 42.4 mg/liter. Dose fractionation demonstrated the AUC/MIC ratio to be the PK/PD index most closely linked to efficacy (R 2 ϭ 0.70). Net stasis and bactericidal activity were observed against all strains. Net stasis was observed at 24-h AUC/MIC ratio values of 24, 21, and 15 for E. coli, K., pneumoniae and P. aeruginosa, respectively. For the Enterobacteriaceae group, stasis was noted at mean 24-h AUC/MIC ratio targets of 23 and 1-log kill at 83. Survival in mice infected with E. coli 145 was maximal at 24-h AUC/MIC ratio exposures of 9 to 43, which is comparable to the stasis exposures identified in the PK/PD studies. These results should prove useful for the design of clinical dosing regimens for ZTI-01 in the treatment of serious infections due to Enterobacteriaceae and Pseudomonas.
R
esistance to antibacterial agents is a growing threat to public health. Loss of all effective therapy is an increasing reality for patients with infections with multidrugresistant (MDR) Enterobacteriaceae and Pseudomonas aeruginosa (1, 2) . Novel agents are urgently sought to help combat the rising prevalence of drug resistance. One strategy to confront this challenge is the repurposing of antimicrobial drugs that have already been approved for clinical use but have not been optimized from a pharmacokinetic/ pharmacodynamic (PK/PD) perspective to treat more serious infections due to these resistant pathogens (3, 4) . Fosfomycin is an attractive candidate to address the therapy void for drug-resistant Enterobacteriaceae and P. aeruginosa infections, including extended-spectrum-beta-lactamase (ESBL)-producing and carbapenem-resistant (CR) organisms.
Fosfomycin is a phosphonic acid derivative that prevents the formation of N-acetylmuramic acid, a key component of the peptidoglycan chain involved in bacterial cell wall formation, through interaction with UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) (5) . It exhibits broad-spectrum activity and importantly remains highly active in vitro against multidrug-resistant (MDR) and extremely drug-resistant (XDR) Enterobacteriaceae and P. aeruginosa strains, including those with ESBL and CR phenotypes (6, 7) . Thus, there is increasing interest in exploring the utility of fosfomycin to treat these drug-resistant pathogens due to this retained activity, the noted epidemic rise in antimicrobial resistance, and the diminishing number of novel therapies coming through traditional drug-discovery programs. In the United States, the oral formulation with limited bioavailability has been approved since 1996 to treat uncomplicated bacterial cystitis; however, in other parts of the world an intravenous formulation providing higher concentrations is available to treat more serious infections. ZTI-01 (fosfomycin for injection) is currently undergoing evaluation in the United States as an intravenous therapy for complicated urinary tract infection (UTI) or acute pyelonephritis (ClinicalTrials registration no. NCT 02753946 at clinicaltrials.gov).
The present studies sought to examine the in vivo PK/PD characteristics of ZTI-01 with the goal to provide a framework for further study and development of ZTI-01 dosing strategies for the treatment of systemic Gram-negative infections. Specifically, the impact of the dose and dosing regimen on the in vivo efficacy of this drug utilizing the neutropenic murine thigh infection model was assessed. Studies included those designed to (i) investigate the pharmacokinetic characteristics of escalating doses of ZTI-01 in mice, (ii) determine which PK/PD index (peak plasma level [C max ]/MIC, area under the concentration-time curve [AUC]/MIC, or the duration of time that drug levels exceed the MIC [time above MIC {TϾMIC}]) is most closely linked to efficacy via dose fractionation, and (iii) identify the magnitude of the PK/PD index required for microbiological efficacy among multiple strains of the three most common Gram-negative pathogens, including those with phenotypes of resistance to other commonly used antibiotics.
RESULTS
In vitro susceptibility testing. The MICs of ZTI-01 by agar dilution for each of the strains are shown in Table 1 and ranged from 1 to 16 mg/liter. The presence of ESBL did not predictably affect the in vitro potency of ZTI-01, similarly to observations from other groups (6, 7). Plasma pharmacokinetics. Single-dose pharmacokinetics of ZTI-01 in infected mice are shown in Fig. 1 . At the doses studied, exposure to ZTI-01 increased in a dosedependent manner across the dose range studies. C max s ranged from 0.6 to 42.4 mg/liter. AUC 0 -∞ values ranged from 1.4 to 87 mg · h/liter. The AUCs and C max s were linear over the dose range (R 2 of 0.99 and 0.97, respectively). The elimination half-life (t 1/2 ) ranged from 0.5 to 1.1 h. Total drug concentrations were utilized in PK/PD analyses, as plasma protein binding is considered negligible for fosfomycin (8, 9) .
Pharmacokinetic/pharmacodynamic index determination. The relationships between log 10 CFU per thigh and the AUC/MIC ratio, C max /MIC ratio, and the percentage of time that plasma levels exceeded the MIC are illustrated in Fig. 2A to C for E. coli 1-741-1, respectively. The PK/PD index that best predicted efficacy based on model fit and regression analysis was AUC/MIC ratio (R 2 of 0.70). The E max model data fit examining the exposure relationships for C max /MIC and the percentage of time that drug remained above the MIC (time above MIC) were less robust than AUC/MIC ratio.
Pharmacokinetic/pharmacodynamic index target for efficacy. (i) Escherichia coli experiments. The dose-response data for each of the five E. coli strains are shown in Fig. 3A . In general, the dose-response relationships were similar among the strains, especially when MIC was considered. For example, the dose-response curves for strains 681 and 6042 were shifted to the right (more drug necessary), but they also exhibited the highest ZTI-01 MICs. Stasis was achieved against all strains, and a Ն1-log 10 reduction was observed with strains with MICs of Յ8 mg/liter. The relationship between the PD index AUC/MIC ratio and treatment effect is shown in Fig. 3B . Similarly to the dose fractionation study, AUC/MIC ratio was a robust predictor of efficacy, with R 2 being 0.71. Table 2 shows the static dose, 1-log kill dose (for studies that achieved that endpoint), associated AUC/MIC ratio, and time above MIC (TϾMIC) values for each strain as well as mean, median, and standard deviation for the E. coli group. Net stasis was observed at AUC/MIC ratio values that ranged from 8.5 to 49. 4 (mean, 23.7; median, 19. 3) and at a TϾMIC of 15 to 68% (mean, 38.6%; median, 37.7%). One-log kill was observed at AUC/MIC ratio values that ranged from 28 to 193 (mean, 98.9; median, 87.5) and at TϾMIC values of 52 to 100% (mean, 75.8%; median, 75.3%).
(ii) Klebsiella pneumoniae experiments. The dose-response data for each of the three K. pneumoniae strains are shown in Fig. 4A . Dose-dependent activity was observed against all three strains with stasis achieved against all strains and a Ն1-log 10
FIG 1
Single-dose plasma pharmacokinetics of fosfomycin after subcutaneous administration in groups of three infected mice per dose and time point. The error bars represent the standard deviation. Pharmacokinetic parameters listed in the box include maximum drug concentrations (Cmax), the AUC from 0 to infinity (AUC), and elimination half-life (T1/2) for each dose.
reduction observed against strain 7040. The relationship between the PD index AUC/ MIC ratio and treatment effect is shown in Fig. 4B . Similarly to E. coli studies, AUC/MIC ratio was a robust predictor of efficacy with R 2 being 0.76. Table 2 shows the static dose, 1-log kill dose (for studies that achieved that endpoint), associated AUC/MIC ratio, and time above MIC (TϾMIC) values for each strain as well as mean, median, and standard deviation for the K. pneumoniae group. Net stasis was observed at AUC/MIC ratio values that ranged from 8.6 to 43.6 (mean, 21.1; median, 11.1) and TϾMIC values of 13 to 78% (mean, 39.1%; median, 26.5%). These values are remarkably congruent with those observed for E. coli (Mann-Whitney rank sum, P ϭ 0.786). One-log kill was observed against a single K. pneumoniae strain (7040), and therefore, statistical analysis for this endpoint for K. pneumoniae was not able to be performed.
(iii) Pseudomonas aeruginosa experiments. The dose-response data for each of the two P. aeruginosa strains are shown in Fig. 5A . Dose-dependent activity was observed with stasis, and a Ն1-log 10 reduction was observed against both strains. The relationship between the PD index AUC/MIC ratio and treatment effect is shown in Fig.  5B . AUC/MIC ratio was a very strong predictor of efficacy, with R 2 being 0.92. Table 2 shows the static dose, 1-log kill dose, associated AUC/MIC ratio, and time above MIC (iv) Combined results. The PK/PD exposure-response data for all three organism were combined and plotted in Fig. 6 . The relationships between AUC/MIC ratio and treatment effect were both strong (R 2 of 0.64) and similar between each organism group.
Survival study. The doses utilized in the survival study against E. coli 681 included 25, 100, 400, and 1,600 mg/kg of body weight administered every 6 h and correspond FIG 3 Dose-response curves (A) and 24-h AUC/MIC ratio in relation to treatment effect (B) against five select E. coli strains using a neutropenic mouse thigh model. Each symbol represents the mean from four thighs. The horizontal dashed line at 0 represents the burden of organisms in the thighs of mice at the start of therapy. Data points below the line represent killing, and points above the line represent growth. The R 2 represents the coefficient of determination. The ED 50 represents the AUC/MIC ratio associated with 50% of the maximal effect (E max ), and N is the slope of the relationship or the Hill coefficient. The line drawn through the data points is the best-fit line based upon the sigmoid E max formula. to AUC/MIC ratio exposures of 1.5, 3.2, 9.3, and 42.6 mg · h/liter, respectively. All eight animals in the two lowest-dose studies did not survive to the study endpoint (72 h). In contrast, 5 of 8 (62.5%) and 8 of 8 (100%) survived in the groups administered 400 and 1600 mg/kg/6 h, respectively. Therefore, maximal survival was observed at AUC/MIC ratio exposures between 9.3 and 42.6 mg · h/liter. Comparison of the survival analysis and PK/PD target analysis reveals that maximal survival was observed at AUC/MIC ratio exposures comparable to the stasis targets observed in the same infection model.
DISCUSSION
Drug resistance in Enterobacteriaceae and P. aeruginosa is a major threat to public health (1, 2, 10) . A recent report from the Centers for Disease Control and Prevention highlighted this risk with the report of the death of a woman in Nevada due to a highly drug-resistant K. pneumoniae infection that was resistant to 26 antibiotics, including all beta-lactams, aminoglycosides, polymyxins, and tigecycline (11) . In fact, this isolate was
FIG 4
The dose-response curves (A) and 24-h AUC/MIC ratio in relation to treatment effect (B) against three select K. pneumoniae strains using a neutropenic mouse thigh model. Each symbol represents the mean from four thighs. The horizontal dashed line at 0 represents the burden of organisms in the thighs of mice at the start of therapy. Data points below the line represent killing, and points above the line represent growth. The R 2 represents the coefficient of determination. The ED 50 represents the AUC/MIC ratio associated with 50% of the maximal effect (E max ), and N is the slope of the relationship or the Hill coefficient. The line drawn through the data points is the best-fit line based upon the sigmoid E max formula.
FIG 5
The dose-response curves (A) and 24-h AUC/MIC ratio in relation to treatment effect (B) against two select P. aeruginosa strains using a neutropenic mouse thigh model. Each symbol represents the mean from four thighs. The horizontal dashed line at 0 represents the burden of organisms in the thighs of mice at the start of therapy. Data points below the line represent killing, and points above the line represent growth. The R 2 represents the coefficient of determination. The ED 50 represents the AUC/MIC ratio associated with 50% of the maximal effect (E max ), and N is the slope of the relationship or the Hill coefficient. The line drawn through the data points is the best-fit line based upon the sigmoid E max formula. susceptible only to fosfomycin; however, intravenous formulations for severe infections are not available at this time in the United States. The development of an intravenous fosfomycin formulation for use in the United States is critically important, and currently, ZTI-01 (fosfomycin for injection) is undergoing clinical study for complicated UTI and pyelonephritis (ClinicalTrials registration no. NCT02753946 at clinicaltrials.gov).
Unfortunately, recent drug discovery efforts for novel antibacterial agents have not yet resulted in new clinically available therapeutics (1, 2, 12-18). The repurposing of older antibiotics is one potential strategy to fill the void of therapies for drug-resistant pathogens. Fosfomycin, which exhibits potent in vitro effects against Enterobacteriaceae and P. aeruginosa, including those with phenotypes of resistance to other commonly used drugs, is therefore an attractive candidate for repurposing. However, a critical step in the process of repurposing is a thorough understanding of the PK/PD characteristics of a candidate drug (19) . This is necessary to design appropriate dosing regimens to be studied in clinical trials and set preliminary breakpoints for the new indications being sought. In the case of fosfomycin, there is a paucity of information on the PK/PD relationships necessary to optimize therapy and outcome for serious infections by Gram-negative rods such as Enterobacteriaceae and P. aeruginosa.
Prior investigations have suggested that fosfomycin exhibits concentration-independent activity, as escalating doses above the MIC did not lead to enhanced microbiological effect (20) (21) (22) . Due to this, some have suggested a dosing design that optimizes the PK/PD index time above MIC (TϾMIC). However, this assessment was often based on dose-escalation studies alone. As PK/PD indices are interdependent, when the dose is increased, each of the traditional indices (TϾMIC, AUC/MIC ratio, and C max /MIC) rises, making it difficult to define the PK/PD index driver. Dose fractionation, however, reduces the interdependence of the PK/PD indices and is the preferred methodology for determining PK/PD index driver. The present study is the first in vivo PK/PD evaluation of fosfomycin using a validated murine model and dose fractionation study design to delineate the PK/PD index predictive of efficacy. Analysis demonstrates AUC/MIC ratio to be the PK/PD index most closely linked to efficacy in the murine model. A recently published in vitro dose fractionation study exists for comparison purposes (23) . Hope and colleagues published a hollow-fiber study utilizing an ESBLproducing E. coli strain in which they observed the same rate and depth of kill irrespective of the dosing interval (23) . This is consistent with AUC/MIC ratio as the pharmacodynamically linked index and supports our findings. The importance of the AUC/MIC ratio index for this compound with concentration-independent killing is reminiscent of PK/PD characteristics of the oxazolidinones and triazoles (24) (25) (26) . One reason for this observed outcome in our dose fractionation study could be due to postantibiotic effects (PAEs). Modest PAEs have been observed in vitro (20) but were not evaluated in the current study, and this remains an important area for further investigation. Additionally, we recognize that previous in vitro reports have suggested optimizing time above MIC, including a recent study by VanScoy et al. demonstrating the relevance of this PK/PD index in relation to the prevention of resistant subpopulation growth (27) . For this reason, we have reported those targets in addition to AUC/MIC ratio ( Table 2 ).
An important element in PK/PD studies seeking to define the predictive PK/PD index magnitude or target is the inclusion of multiple strains to account for strain-to-strain variability. The current studies included 5 E. coli strains, including 4 ESBL-producing strains; 3 K. pneumoniae strains, including 2 carbapenem-resistant Enterobacteriaceae (CRE) strains; and 2 P. aeruginosa strains. ZTI-01 demonstrated dose-dependent in vivo efficacy with the achievement of bactericidal activity against all strains. The ZTI-01 24-h target AUC/MIC ratios associated with a net static and 1-log 10 killing effect against all three organism groups were remarkably congruent. For example, the mean static dose AUC/MIC ratio target was 24, 21, and 15 for E. coli, K. pneumoniae, and P. aeruginosa, respectively.
Translation of preclinical PK/PD target assessments requires an understanding of which endpoint (i.e., stasis or 1-log 10 kill) correlates with other measures of success such as survival or clinical success in patients. For example, in beta-lactams it has been shown that TϾMIC values of at least 30 to 40% result in net stasis in preclinical animal models, 90 to 100% animal survival, and clinical success in patients (28, 29) . In contrast, for fluoroquinolones the stasis targets are an AUC/MIC ratio of 25 to 50, but 100% animal survival and clinical success are often not noted unless AUC/MIC ratio exceeds 100, which is closer to the 1-log kill target exposures for that drug class (28, 29) . Thus, the relevancies of stasis endpoints as they relate to survival are not necessarily similar for each drug class. We therefore included an additional survival study to compare which PK/PD exposures were associated with animal survival. Against a single E. coli strain, we observed that maximal survival (100%) occurred at AUC/MIC ratio exposures between 9.3 and 42.6 mg · h/liter, which encompasses our identified stasis target for the organism group, which was 23.7. This supports the relevance of stasis targets identified in our preclinical in vivo model; however, further studies with additional strains would be necessary to confirm this finding.
There are numerous remaining PK/PD questions. First, it will be interesting to explore the postexposure or postantibiotic effects for fosfomycin. Additional studies examining the protein binding characteristics across species will also be important; however, it is likely that the degrees of binding will be similar across mammalian species, and binding has been found to be negligible in humans (30) . Finally, it will be important to assess PK/PD targets against additional strains, including Gram-positive pathogens.
In conclusion, the present studies demonstrate potent in vivo efficacy of ZTI-01 against Enterobacteriaceae and P. aeruginosa, including ESBL-producing and CRE strains, in a well-characterized neutropenic murine thigh infection model. The PK/PD index AUC/MIC ratio was most strongly linked to efficacy. Both static and killing endpoints were achieved, and the AUC/MIC ratio targets were similar across study strains. Maximal animal survival was observed at AUC/MIC ratio exposures similar to stasis targets. The PK/PD index and targets identified in these studies and human PK data should be useful to guide appropriate dosing regimen design for clinical trials, including the current study on complicated urinary tract infection and pyelonephritis.
MATERIALS AND METHODS
Organisms, medium, and antibiotic. Five Escherichia coli (4 ESBL), 3 Klebsiella pneumoniae (2 CRE), and 2 P. aeruginosa strains were used for these studies (Table 1) . Organisms were grown, subcultured, and quantified using cation-and glucose-6-phosphate (G-6-P)-adjusted Mueller-Hinton broth (MHB) and agar (Difco Laboratories, Detroit, MI). ZTI-01 was supplied by the sponsor in 4-g vials, reconstituted with sterile water, and diluted to appropriate concentrations prior to use.
In vitro susceptibility testing. MICs were determined by agar dilution methods in cation-adjusted Mueller-Hinton medium (Difco Laboratories, Detroit, MI) supplemented with 25 mg/liter of glucose-6-phosphate (G-6-P; Sigma-Aldrich, St. Louis, MO) (31). All MIC assays were performed in duplicate on at least three occasions. The median MIC is presented in Table 1 .
Murine thigh infection model. Animals were maintained in accordance with the American Association for Accreditation of Laboratory Animal Care (AAALAC) criteria (32) . All animal studies were approved by the Animal Research Committees of the William S. Middleton Memorial VA Hospital and the University of Wisconsin. Six-week-old, specific-pathogen-free, female ICR/Swiss mice weighing 24 to 27 g were used for all studies (Harlan Sprague-Dawley, Indianapolis, IN). Mice were rendered neutropenic (neutrophils, Ͻ100/mm 3 ) by injecting cyclophosphamide (Mead Johnson Pharmaceuticals, Evansville, IN) intraperitoneally 4 days (150 mg/kg) and 1 day (100 mg/kg) before thigh infection. Previous studies have shown that this regimen produces neutropenia in this model for 5 days (33) . Broth cultures of freshly plated bacteria were grown to logarithmic phase overnight to an absorbance of 0.3 at 580 nm (Spectronic 88; Bausch and Lomb, Rochester, NY). After a 1:10 dilution into fresh MHB, bacterial counts of the inoculum were 10 7.1 Ϯ 10 0.2 CFU/ml. Thigh infections with each of the strains were produced by injection of 0.1 ml of inoculum into the thighs of isoflurane-anesthetized mice 2 h before therapy with ZTI-01.
Drug pharmacokinetics. Single-dose plasma pharmacokinetics of ZTI-01 were assayed in infected neutropenic mice. Animals were administered a single subcutaneous dose (0.2 ml/dose) of ZTI-01 at dose levels of 3.125, 12.5, 50, 200, 400, and 800 mg/kg. Groups of three mice were sampled at each time point 14, and 7.08%, respectively. Pharmacokinetic constants (Ϯstandard deviation), including elimination half-life (t 1/2 ), AUC, and C max , were calculated using a noncompartmental model. The half-life of ZTI-01 was determined by linear least-squares regression. The AUC 0 -∞ was calculated from the mean concentrations using the trapezoidal rule. Pharmacokinetic estimates for dose levels that were not measured were calculated using linear interpolation or extrapolation. Total drug concentrations were utilized in PK/PD analyses, as plasma protein binding is considered negligible for fosfomycin (8, 9) .
Pharmacokinetic/pharmacodynamic index determination. Neutropenic mice were infected with E. coli 1-741-1 as described above. Treatment with ZTI-01 by the subcutaneous route was initiated 2 h after infection. The dose fractionation experiment included five total drug concentrations that increased 4-fold from 3.125 to 800 mg/kg over a 24-h duration. The total doses were administered using 3-, 6-, 12-, and 24-hourly dosing intervals. Four thigh infections were included in each dosing group. After 24 h, the thighs were aseptically removed and processed for CFU determination.
To determine which PK/PD index was most closely linked with efficacy, the number of bacteria in the thigh at the end of therapy was correlated with (i) the C max /MIC ratio, (ii) the 24-hour AUC/MIC ratio, and (iii) the percentage of the dosing interval during which plasma levels exceed the MIC for each of the dosage regimens studied. The correlation between efficacy and each of the three PK/PD indices was determined by nonlinear least-squares multivariate regression (Sigma Plot version 12.3; Systat Software, San Jose, CA). The model is derived from the Hill equation:
, where E is the effect or, in this case, the log change in CFU per thigh between treated mice and untreated controls after the 24-h period of study, E max is the maximum effect, D is the 24-h total dose, ED 50 is the dose required to achieve 50% of E max , and N is the slope of the dose-effect curve. The indices E max , ED 50 , and N were calculated using nonlinear least-squares regression. The coefficient of determination (R 2 ) was used to estimate the variance that could be due to regression with each of the PK/PD parameters.
Pharmacokinetic/pharmacodynamic index target for efficacy. Dose-ranging efficacy studies to determine the PK/PD target exposures for net stasis and 1-log kill were then performed with each E. coli, K. pneumoniae, and P. aeruginosa strain using the murine neutropenic thigh infection model. Dosing regimens were chosen to yield drug exposures that varied from ineffective to maximally effective for each strain. In E. coli experiments, dosing regimens included five (4-fold) or seven (2-fold) increasing doses of ZTI-01. The total daily doses of ZTI-01 varied from 12.5 to 6,400 mg/kg/24 h administered in an every-3-h or every-6-h regimen. In K. pneumoniae and P. aeruginosa experiments, the dosing regimens included six (2-fold) increasing doses of ZTI-01 administered every 3 hours with total daily doses that varied from 200 to 6,400 mg/kg/24 h. All doses were administered by the subcutaneous route. Four thigh infections were included in each dosing regimen group. Therapy was initiated 2 h after infection. Animals were euthanized at 24 h after infection, and the thighs were aseptically removed and immediately processed for CFU determination. A sigmoid dose-response model derived from the four-parameter Hill equation was used to calculate the dose of ZTI-01 that produced a net bacteriostatic effect and 1-log 10 kill over 24 h (static and 1-log kill doses) compared to the organism burden at the start of treatment. The PK/PD indices of interest were calculated for the static and 1-log kill doses using the sigmoid E max model. Survival study. The neutropenic thigh model was used with a single strain, E. coli 681, to examine the PK/PD exposure associated with survival. Infection was induced in the thighs of neutropenic mice as described above with an inoculum of 10 7.0 CFU/ml 2 h prior to the initiation of drug administration. ZTI-01 was administered by the subcutaneous route in 4-fold-increasing doses from 25 to 1,600 mg/kg every 6 h to groups of eight mice. Survival was tracked over a 72-h treatment period. During this period, each mouse was monitored at least 4 times daily and moribund mice were euthanized by CO 2 asphyxiation prior to the end of the study. The 24-h AUC/MIC ratio and percentage of the dosing interval during which plasma drug concentrations exceeded the MIC (percent time above MIC) associated with animal survival in each group were analyzed.
